Inspired by morphological structure of ciliated receptor cells, we design, fabricate and characterize a miniaturized MEMS (microelectromechanical systems) chemical sensor with micropillar electrode array, which mimics the biological function of shark's olfactory sensor. To our best knowledge, this is the first time a shark olfactory inspired MEMS chemical sensor has been proposed. Electrochemical experiments with our bio-inspired chemical sensor show excellent redox repeatability and accuracy under wide range of scan rates. Measurement of lead ions yields undistorted, well-defined stripping peaks with good linearity. Limit of detection as low as 0.8 ppb is obtained, suggesting our sensor is capable of detecting very low lead concentration in water samples given that international guideline value is 10 ppb.
INTRODUCTION
Heavy metal contamination which is mainly caused by uncontrolled anthropogenic activities, e.g. discharge of untreated wastewater, has severely degraded the quality of surface water as well as underground water. Lead, as one of main categories of harmful heavy metal pollutants, greatly restrains the formation of hemoglobin after excessive intake [1] . Other side effects such as headache, slow reaction, tremors and impaired renal excretion may also occur when the exposure concentration rises up to certain limit value. Therefore, fast, accurate and on-site/in-situ detection of the concentration of lead in water samples with the aid of simple, disposable and compact chemical sensor is of great importance. Conventional chemical sensors developed in the past often rely on large-sized working electrode [2] or intricate fluidic channel platform [3] to increase sensing capability, which may not be suitable for in-situ pollution detection since device sensitivity as well as efficiency will be dramatically compromised upon miniaturization. To overcome these issues, innovative design of working electrode structure can be a promising solution, as both sensitivity and efficiency can be enhanced when the chemical sensor is subjected to miniaturization.
BIO-INSPIRATION
Unlike other chemical sensors, in this work, we derive the inspiration from nature to propose an artificial counterpart of shark's olfactory sensor, aiming at exploring miniaturized, portable and sensitive chemical sensor for onsite/in-situ lead measurement. In nature, a large number of marine animals possess remarkably keen olfactory sensing system, among which shark has well reputed smelling capacity. Shark's olfactory organs are highly responsible for perceiving and analyzing odorant information to initiate food searching, and to mediate reproductive behavior [4] .
As shown in Figure 1 (a), a pair of olfactory organs is present on the ventral side of the head of shark. Generally, most of shark's olfactory organs are not connected to their mouth, implying that the function of olfactory system is totally used for collecting odorant information. Inside each olfactory organ, plenty of olfactory lamellae protrude from the floor of olfactory chamber with both sensory and nonsensory epithelium attaching on two sides of every piece of lamella [5] . Ciliated receptor cells, shown in Figure 1(b) , scatter on the sensory epithelium, which covers more area of the olfactory lamella than nonsensory epithelium. The abundance of these micro-sized standing cilia substantially increases surface area in contact with odorant molecules, providing the shark more opportunities to capture scents under the water. Subsequently, a gold layer (300 nm) is sputtered by PVD (physical vapor deposition) to compose the electrical circuit for each electrode, below which chromium layer (100 nm) is added to strengthen the adhesive force between gold layer and adjacent insulation layer. Silver combined with silver chloride layer (500 nm) is then attached to the inner semicircle of bottom gold layer, playing the role of reference electrode. Thereafter, SU-8 (120 µm) layer is patterned on the middle semicircle of bottom gold layer to form the core of micropillar electrode array. A gold thin film (200 nm) is coated on both top surface and side surface of all SU-8 micropillars, exerting the function of working electrode. The outer semicircle of bottom gold layer works as counter electrode without any further modification. Finally, a PDMS (polydimethylsiloxane) microchannel is bonded to build the reaction chamber. 
RESULTS
To evaluate the presence together with the coverage of gold thin film on the standing micropillar electrodes, EDS (energy dispersive spectroscopy) spectrum analysis was implemented. EDS spectrum characterization is a kind of technique to execute elemental analysis of a sample. It utilizes fundamental principle that when a sample is shined by a beam of high-energy charged particles, e.g. electrons or protons, each element will emit unique set of X-rays, which are highly dependent on the atomic structure of that element.
Result of EDS spectrum analysis can be considered as direct proof to ascertain the elemental constitution of sample surface. As shown in Figure 3 (a) and Figure 3(b) , it is very perspicuous that both top surface and side surface of micropillar electrodes were covered by gold (Au) element. More specifically, the area coverage of top surface and side surface of micropillar electrodes were approximately 95 percentages and 84 percentages, respectively. This result indicates deposition of gold on the micropillar electrode array was sufficient to achieve enhanced vertical interaction between working electrode and testing solution. After assessing the surface property of micropillar electrode array, electrochemical experiment has been conducted to investigate the performance of proposed sharkinspired MEMS chemical sensor. In order to check whether proposed chemical sensor is able to precisely register the redox reaction in the vicinity of standing micropillar working electrode array, cyclic voltammetry experiment was performed, in which the voltammograms of four consecutive potential scans starting from 0.6 V to -0.2 V were recorded. Testing solution was made of 2 mM/L potassium ferricyanide (K 3 Fe(CN) 6 Theoretically, during the negative-going scan (from 0.6 V to -0.2 V), ferricyanide ion (Fe(CN) 6 3-) will gain an electron to be reduced as ferrocyanide ion (Fe(CN) 6 4-), producing a reduction peak at certain potential. The magnitude of this reduction current should decay in an exponential way caused by depletion of ferricyanide ion in the electrode-solution interface. Similarly, in the positivegoing scan (from -0.2 V to 0.6 V), previously generated ferrocyanide ion will lose the electron to become ferricyanide ion, creating an oxidation peak at another potential. The oxidation current should also follow an exponential decay analogous to the preceding reduction step. As shown in Figure 4 (a) and Figure 4 (b), legible reduction peak as well as oxidation peak can be observed at the potential of 0.17 V and 0.26 V respectively under both low scan rate (0.01 V/s) and high scan rate (0.15 V/s). Besides, four continuous voltammograms for each experiment exhibit almost identical shape, demonstrating that bio-inspired micropillar working electrode array is capable of accurately tracking the redox reaction. Considering the situation that cyclic voltammetry is usually operated in the unstirred testing solution, hydrodynamic convection effect should have no contribution for the transport of electroactive materials to the working electrode surface. Furthermore, migration effect, that is the movement of charged particles along electrical field, can also be neglected given the fact that concentration of supporting electrolyte (here is 0.2 Mol/L potassium chloride) is often much higher than the concentration of electroactive materials (here is 0.002 Mol/L potassium ferricyanide). Therefore, electroactive species that are dissolved in the testing solution will only be transported to the electrode-solution interface by diffusion effect, which is a kind of spontaneous movement under the influence of concentration gradient.
Under such condition, peak current of cyclic voltammetric experiment directly correlates with concentration gradient at the working electrode surface, which can be affected by varying the scan rate. Figure 5 (a) illustrates eight cyclic voltammograms when the scan rate was ascended from 0.01 V/s to 0.15 V/s with intervals of 0.02 V/s. Despite the change of scan rate, both reduction peak and oxidation peak can be easily identified with a tiny shift of peak potential. To investigate the performance of proposed bioinspired MEMS chemical sensor regarding heavy metal detection, square wave anodic stripping voltammetry (SWASV) was carried out with lead testing solution under different concentrations. Diluted lead solution was prepared from standard stock solution (1000 mg/L, atomic absorption standard solution, Sigma-Aldrich). SWASV was initiated by applying -1.2 V deposition potential for 300 seconds without any stirring. After 10 seconds of quiescent period, the voltammograms were registered between -1.2 V and 0 V in the square wave mode with frequency of 50 Hz, amplitude of 50 mV and step potential of 5 mV. Prior to next measurement, a potential of 0.3 V was applied for 600 seconds in order to remove any residue of lead metal left on the micropillar working electrode surface.
As shown in Figure 6 (a), electrochemical responses of SWASV are illustrated with elevated lead concentration from 10 ppb to 100 ppb with 10 ppb increment. Welldefined, undistorted stripping peak is located around -0.4 V with respect to the potential of micro-fabricated Ag/AgCl reference electrode. The inset depicts that limit of detection (LOD) reached to 0.8 ppb with proposed chemical sensor. 
CONCLUSIONS
Driven by the attempt of mimicking morphological structure of shark's olfactory ciliated receptor cells, a novel type of MEMS chemical sensor with standing micropillar working electrode array, for the first time, was proposed. Experiment of cyclic voltammetry under multiple scan rates demonstrated that such bio-inspired chemical sensor was able to record the redox reaction happened surrounding electrode-solution interface with superior repeatability as well as accuracy. Testing with square wave anodic stripping voltammetry proved outstanding sensitivity together with very low detection limit of the proposed chemical sensor in the aspect of on-site/in-situ detection of lead heavy metal pollution.
